We analyse the temperature anisotropy of the protons in the solar wind and thereby concentrate on plasma data obtained in the year 1976 of the Helios 1 and Helios 2 missions. We derive the core proton temperatures T ⊥ and T , in the directions perpendicular and parallel to the magnetic field, as well as the core parallel plasma beta, β . The data are separately analysed for two distance ranges, R≤0.4 AU and R>0.4 AU, and divided into 24 bins for the plasma beta, in the range from β =0.1 to β =10, and into 72 bins for the total temperature anisotropy, A=1−T ⊥ /T , which is here considered in the range from −0.9 to 0.9. The number of spectra in each bin is determined to obtain distributions. The statistical results are presented in two-dimensional histograms. For each column we define a critical upper and lower limit of the anisotropy. The resulting empirical points are compared with the known theoretical instability thresholds. The protons are found to come with increasing radial distance closer to the fire-hose instability threshold.
Introduction

Nonthermal proton velocity distributions
Velocity distribution functions (VDFs) of the protons in the solar wind usually show distinct thermal anisotropies, perpendicular to the magnetic field in the core of the VDFs as well as parallel, often in association with proton beams (Feldman et al., 1973) . These nonthermal features were discovered in the early days of in-situ observations made near 1 AU (Goodrich and Lazarus, 1976) . Some years later, HeCorrespondence to: E. Marsch (marsch@mps.mpg.de) lios also found that between 0.3 AU and 1 AU the proton temperature ratio, T ⊥ /T , was unequal unity and highly variable, ranging between about 0.3 and 3 (Marsch et al., 1982) , with systematic radial trends that were reviewed by Marsch (1991) .
Similar anisotropies were found in the solar wind proton data obtained out of the ecliptic plane by Ulysses , and recently again near 1 AU from the Advanced Composition Explorer (ACE) mission (Gary et al., 2001 ) and the Wind spacecraft by Kasper et al. (2003) , who carried out a large statistical study. There are good reasons to believe that the anisotropies are indicative of wave-particle interactions and the physical mechanisms by which the ions in the solar corona and solar wind are heated (for a recent review of cyclotron resonant interactions see Hollweg and Isenberg (2002) . However, the origin of the proton beam, the cause for strong parallel and perpendicular proton heating, and the regulation of the temperature anisotropy are still not fully understood.
In Fig. 1 three typical examples of measured proton VDFs are shown. Note the distinct core temperature anisotropy and the extended tail along the magnetic field, often appearing as a resolved secondary proton beam component. This tail can give rise to a comparatively large total parallel plasma beta, β =2(v /V A ) 2 , where v ,⊥ = k B T ,⊥ /m p is the thermal speed based on the temperature derived from the full moment of the VDF, V A is the Alfvén speed, m p the proton mass, and k B Boltzmann's constant.
Inspection of the middle VDF in Fig. 1 shows that despite the large core anisotropy the parallel is still larger than the perpendicular temperature, which is due to the small proton beam, travelling at more than 200 km/s speed along the local magnetic field direction. Proton beams are a well known persistent feature in the solar wind, particularly in the fast streams. However, the overall temperature anisotropy, A=1−T ⊥ /T , is often negative, because of the bi-shell, eggshaped core part of the VDF, a feature which was interpreted Published by Copernicus GmbH on behalf of the European Geosciences Union. by Marsch and Tu (2001) and Tu and Marsch (2002) as being indicative of resonant pitch-angle diffusion of protons in a cyclotron-wave field.
For the VDFs in Fig. 1 from left to right, the solar wind speed is, V =591, 599, and 439 km/s, the thermal speeds are, v =60, 64, and 64 km/s and v ⊥ =50, 65, and 50 km/s, and the Alfvén speed is V A =82, 111, and 90 km/s, respectively. A comprehensive review of the proton VDFs in the solar wind and of the related microphysics was given by Marsch (1991) .
Temperature anisotropy driven instabilities
Concerning the stability of such anisotropic VDFs, Montgomery et al. (1976) did some early work on beam or temperature-anisotropy driven plasma instabilities. A general account of space-plasma microinstabilities was given in the book by Gary (1993) . Furthermore, Daughton and Gary (1998) and Daughton et al. (1999) provided arguments from analytic instability calculations and from direct numerical simulations, which indicated that the beam velocity is regulated by electromagnetic instabilities driven by the beam kinetic energy, a process in which the core β is a key parameter. Dum et al. (1980) found evidence for wave growth from the detailed measured VDFs, and so did Leubner and Viñas (1986) for double-peaked proton VDFs. More recently, Araneda et al. (2002) analysed the effects of the proton core temperature on the relative drift and anisotropy evolution of the ion beam instability in the fast solar wind.
The intention of this paper is to complement these studies, and to analyse in particular whether the measured VDFs are prone to the firehose fluid instability and its kinetic relatives, or to the mirror fluid instability. A statistical analysis is carried out, based on a large data set obtained during the Helios primary mission phases in 1976, including the first perihelion passages and covering a distance range between 1 AU and 0.3 AU. The main goal is to provide evidence for empirical relations between the core temperature anisotropy and the parallel core plasma beta, a parameter which is also found to play a key role in the wave regulation of the shape of the VDFs and drift speeds of the beams in fast wind .
Before we give the detailed results from our data analysis, we would like to discuss an important issue. In the cited previous studies the total distribution function including the proton beams was mostly studied. However, the entire distribution cannot be described by a single bi-Maxwellian. Therefore, we use in what follows the parameters T and T ⊥ being only based on the partial velocity moments of the core (defined as being above the 20% level of the maximum) distribution. Certainly, as Fig. 1 shows, the overall velocity distribution is not a bi-Maxwellian, and we need (and in fact used in other studies) more parameters to describe it adequately, and in particular the instability associated with a proton beam. But this has little effects on the instability related with the temperature anisotropy of the core. Hence the core distribution, while being regulated by the fluid or kinetic firehose instability, can essentially be described by two parameters, T and T ⊥ of the core, see again Fig. 1 . Kasper et al. (2002) evaluated from WIND data the proton anisotropy and investigated the firehose instability, which may arise in the solar wind. They demonstrated, with a large data set of more than seven years, that the observed limit to the temperature anisotropy for T /T ⊥ >0 was in agreement with constraints posed by theory and simulations on the firehose instability according to Gary et al. , 2000) . This constraint is analogous to the anisotropy limit obtained by theoretical and computational methods for the electromagnetic cyclotron instability driven by T ⊥ /T >1; see, e.g. Gary et al. (2001) and references therein.
Pronounced proton core temperature anisotropies were usually found in connection with ion differential streaming and simultaneous Alfvén wave activity in the solar wind Marsch et al. (1982) . But only recently have Marsch and Tu (2001) found observational evidence in the Helios data for the regulation of the anisotropy through diffusion-related plateaus, which seem to form in the VDFs of the protons in resonance with cyclotron waves. Cyclotron-resonant diffusion is an important process in shaping the proton anisotropy, as was recently also shown by Marsch et al. (2004) .
The linear theory and 1-D simulations ) predict that enhanced electromagnetic field fluctuations arise from the proton-resonant firehose instability, which imposes on the proton temperature anisotropy a constraint attaining the simple form,
where n the proton density, and B the magnetic field strength. The theoretical parameters are S=2 and α=1 for the nonresonant firehose fluid instability, and S=1.5 and α=0.74 for the resonant temperature-anisotropy-driven kinetic instability, according to the work of Gary et al. (1998) . The unique proton in-situ measurements made on the Helios spacecraft will be used here to determine the fitting parameters S and α empirically, and to carry out statistical analyses in the form of histograms for A and β . We will also test the relevance of the two simple threshold relations of the fire-hose and mirror fluid instabilities, which are determined by the inequalities β >2+β ⊥ , respectively, β 2 ⊥ /β >1+β ⊥ . These can be cast into threshold relations that give the anisotropy in dependence on the parallel plasma beta, for the firehose instability,
and for the mirror instability,
The relations (2) and (3) 
Helios observations and data analysis
General remarks
For the present analysis, we used the Helios proton data obtained by the plasma analyser (Rosenbauer et al., 1977) . We employed the standard Helios data analysis methods, as described originally by Marsch et al. (1982) and recently by Marsch et al. (2004) , in order to separate the ion count rates and to remove those counts from the proton spectra which are apparently contributed by alpha particles. For the reliable VDFs we calculated the proton number density, n, and the parallel and perpendicular temperature based on the full moment integration of the measured distribution function. Note that, unlike in the analysis by Kasper et al. (2002 Kasper et al. ( , 2003 , no 
Data analysis procedure
We calculated the proton core temperatures T ⊥ and T in the directions parallel and perpendicular to the magnetic field, as well as the parallel core plasma beta, β . To ease the notation we will use these symbols without an index for core in the remainder of this paper. The core is defined as the innermost part of the VDF and given by the continuous contours in Fig. 1 that are above the 20% level of the maximum. Contributions of a possible proton beam component were thus excluded from the calculation of β .
Observationally, a large total parallel beta is mainly due to the proton beam and its differential kinetic energy, which contributes to the total parallel kinetic "temperature", which is to say the random energy of the protons in their common center-of-mass frame. Examples of unambiguous, double or multiple, proton beams were presented and discussed by Rosenbauer et al. (1977) and Feldman and Marsch (1997) . Figure 1 gives typical examples of pronounced proton tails and secondary resolved components. To eliminate the beam influence on our analysis we just used the beta of the core here. This restriction is also suggested by the theoretical stability analyses (Daughton and Gary, 1998; Daughton et al., 1999) .
We analysed our data separately for two distance ranges, R≤0.4 AU and R>0.4 AU, and divided the data in 24 bins, in the range from β =0.1 to β =10, and in 72 bins for 1−T ⊥ /T , ranging from −0.9 to 0.9. We then counted the number of spectra in each bin to obtain frequency distributions. The total number of data points (i.e., proton VDFs) is 193 902 for the interval with 0.4<R≤1 AU, and 24 856 for the perihelion regime with R≤0.4 AU. The statistical results from these measurements are presented in Fig. 2 . In the design of these plots, we followed Kasper et al. (2002 Kasper et al. ( , 2003 to facilitate a comparison with their results obtained at 1 AU.
The two subsequent figures are 2-D histograms of the number of proton spectra as a function of A and β . They demonstrate that the temperature anisotropy is constrained by β , and most strongly so if it is larger than unity, indicating that the constraint may be due to the fluid or kinetic firehose instability. For negative A, which we also discuss here, there are theoretical constraints depending on β , in particular for the core proton temperature anisotropy, which was extensively discussed by Marsch et al. (2004) . To quantify the observational limits for comparison with theoretical predictions, an upper or lower limit of the anisotropy was calculated. It can be obtained by fitting to the edges of the data distributions the same function (1) that was used above to represent the theoretical thresholds.
For our data we used the following method: For each β -bin, an upper (or lower) limit for positive (or negative) A may be defined by that value at which the normalized (to a maximum of unity) frequency distribution in any given bin falls, at its steep slope towards larger positive (negative) values, below a certain threshold level. Instead of using like Kasper et al. (2002 Kasper et al. ( , 2003 a normalized ratio of 0.1 to define the boundary points, we used the following procedure: We selected those points where the logarithm of the frequency distribution for R≤0.4 AU had the fixed value of 0.6 of the maximum value of 2.7, which was 1.6. The corresponding value for the distribution for R>0.4 AU was 2.2, which is 0.6 of its maximum value of 3.7. We thus picked up every point where the logarithm reaches 1.6 (see the colour bars with spectra/bin in the subsequent figures), respectively, 2.2 for the other distance interval, and then used all these points to determine a fit like in Eq. (1) to represent the requested border line. The reason why we chose 1.6 (or 2.2) to find the boundary is that using this number of 60% of the maximum gave a boundary (red) line that was best adjusted to the curvature of the point clouds.
Note the following technical aspects. Since the number of our data points is limited, it is possible that in some β -bins there are no data points exactly at 1.6 (or 2.2). Then we used the idea of adding dummy points, which was suggested by Kasper et al. (2002) in their paper (see their Fig. 3 ). For every fixed beta bin, we applied a linear fit in A to find the dummy point where the logarithm of the number of spectra was exactly 1.6 (or 2.2). We then made use of all these dummy points to get a smoothly interpolated boundary line. We also defined a kind of an error bar for each dummy point. This error bar corresponds to the distance between a dummy point and its nearest real data point.
Observational results
The temperature anisotropy, A, is plotted as a scatter diagram versus β of the proton core for the distance range R≤0.4 AU, including the Helios perihelion passage, in the left frame of Fig. 2 . In the same presentation, we show the results for R>0.4 AU, including the aphelion passage, in the right frame of Fig. 2 . On the left side, the majority of the data points cluster along a ridge reaching about from β ≈0.6 and A≈0.2 to β ≈0.3 and A≈−0.2 , which correspond to T ≈1.2 T ⊥ , respectively T ⊥ ≈1.2 T . In contrast on the right side, the majority of the data points cluster around β ≈1 and A≈0.4, which means that on average T ≈1.4 T ⊥ , These results are consistent with an earlier analysis by Marsch et al. (1982) , see again their Fig. 15 , which directly shows that the ratio T /T ⊥ radially increases.
The black little bars (crosses) in both frames of Fig. 2 indicate the upper, respectively lower, empirical limiting values of A, and the red lines respectively give the corresponding least-squares fit, as based on the theoretical function given in Eq. (1). The black error bar parallel to the x-axis is given by the width of the bin. The error bar along the y-axis is small, often too small to be seen. It is mainly given by the distance between the dummy point (indicated in red) and its nearest real point. Note that in Fig. 2 the statistics are generally getting poorer for β >3, and the resulting points there are less reliable than the ones in the range 0.1≤β ≤3.
The fitted red curves indicate that the boundaries of the spectra distributions mostly stay, for β >3, close to the yellow curves, which correspond to the two main non-resonant fluid instabilities, namely the fire-hose stability threshold given by the upper yellow line after Eq. (2), respectively the mirror stability threshold given by the lower yellow line after Eq. (3). The relative positions of the red and yellow lines discriminate the domains of stability, respectively instability, of the corresponding proton VDFs, and indicate which regions of the A-β -plane these domains cover. In the left frame, the fitted top red curve stays well below the top yellow curve, corresponding to the non-resonant fluid fire-hose instability. Therefore, despite their distinct nonthermal features the proton VDFs are not prone to this instability at distances smaller 0.4 AU. For distances larger than 0.4 AU (right frame), the top red curve stays well above the top yellow curve. So the thermal anisotropy of the proton core VDF is limited, and appears to be influenced by the fire-hose instability.
In the right frame of Fig. 2 , the data points (with large variances, though) lie for β >2 on average beyond the theoretical yellow threshold line, a result which indicates a strong tendency towards instability for the higher plasma beta encountered at larger heliocentric distances. However, the low relative occurrence rate of these data point does not allow a firm conclusion. Qualitatively speaking, this trend is to be expected, since fully scatter-free protons, while conserving their magnetic moment, would tend to develop an ever larger A, since only T ⊥ will decline whereas T almost stay constant. This trend was empirically established before and already illustrated in the cited Fig. 15 of Marsch et al. (1982) .
A comparison of the left with the right panel of Fig. 2 reveals the following radial trends. The center of the point cloud is slightly shifted from β ≈0.6 and A≈0.2 for R≤0.4 AU to the values β ≈1.0 and A≈0.4 for R>0.4 AU. This also means that β radially increases in the solar wind, a result which was obtained before by Marsch and Richter (1984) (see their Fig. 5 ), when analysing the total beta as obtained by summing up the pressure contributions of electrons and ions. This result indicates that T ⊥ generally declines more strongly with distance than T , consistent with the radial gradients presented by Marsch et al. (1982) in their Figs. 18 and 19. As Fig. 1 shows, the core protons cool off perpendicular to the magnetic field more strongly than parallel. But they still remain strongly anisotropic out to 1 AU and beyond even out to the Mars orbit (Astudillo et al., 1996) .
Comparison of observations with theories
Concerning the parameters of the empirical fit using Eq. (1), we obtained different parameter values for the two distance ranges, R≤0.4 AU and R>0.4 AU. The resulting values are listed in Table 1, respectively, Table 2 . These observational values are to be compared with known theoretical thresholds. For the fire-hose instability the parameters are S=2 and α=1 for the non-resonant fluid instability, and S=1.5 and α=0.74 for the resonant temperature-anisotropy-driven kinetic instability. Since both thresholds quantitatively do not differ much, we just refer to and discuss the nonresonant firehose threshold in this paper. These stability thresholds were also considered in the corresponding data plots of Kasper et al. (2002) , who showed proton measurements from WIND at 1 AU, which can be directly compared with our results due to the same data formats used. For their data set they obtained the best fit parameters: S=1.21 and α=0.76, with about 20 % uncertainty. These values were found to be in good agreement with the results by Gary et al. (1998) from linear stability analysis and numerical simulation of the resonant firehose instability. For the nonresonant case Gary et al. (1998) found α=1.0 for 2≤β ≤10, and thus the agreement was worse. Our above values indicate that the protons in the solar wind at distances below 0.4 AU are generally not prone to the firehose instability, neither of resonant kinetic nor nonresonant fluid type. In a simulation study of the expanding solar wind, Matteini et al. (2005) found α=0.8 and S=0.93 for the protons. However, beyond 0.4 AU the proton VDF may become increasingly more prone to the firehose instability, which yet is known to have a comparatively small growth rate.
It seems more likely that the proton-proton beam instability plays a major role in limiting and regulating the proton total temperature anisotropy in the solar wind. This was already suggested in the early analysis of Montgomery et al. (1976) . The beam instability was recently scrutinized in a statistical study by Tu et al. (2004) . They established an empirical relationship between the normalized beam drift speed, V d /V A and the core plasma beta, β . By analysing individual proton VDFs, they found that also most of the beam distributions are rather stable. In contrast, the core temperature anisotropy, appears to be close to a cyclotron-resonant instability threshold. The proton-proton instabilities have also been experimentally studied by Goldstein et al. (2000) . In their Vlasov analysis and hybrid numerical simulations, Araneda et al. (2002) came to the conclusion that it is the core protons, with T ⊥ /T >1, which essentially control the anisotropic heating and drift energy of the beam protons.
Conclusions
The Helios proton data were analysed with respect to possible constraints on the core temperature anisotropy, A, in the solar wind between 0.3 and 1.0 AU. Empirical limits for A were determined as a function of the parallel plasma beta, β , of the proton core and compared with the theoretical thresholds for the mirror and firehose instability, as obtained from linear stability analysis and numerical simulation. Nearer to the Sun the solar wind core protons were found to be largely stable against growth of the firehose mode. But they stay close to the fluid nonresonant as well as the kinetic resonant instability thresholds at larger solar distances.
